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ABSTRACT. The notion of shape fibration between compact met-
ric spaces was introduced by S. Mardesi¢ and T. B. Rushing. Mardesi¢
extended the notion to arbitrary topological spaces. A shape fibration
f + X — Y between topological spaces is defined by using the notion of
resolution (p, q, f) of the map f, where p: X — X andq:Y — Y
are polyhedral resolutions of X and Y, respectively, and the approximate
homotopy lifting property for the system map f: X — Y. Although any
map f : X — Y between topological spaces admits a resolution (p,q, f),
if polyhedral resolutions p : X — X and q : Y — Y are chosen in ad-
vance, there may not exist a system map f : X — Y so that (p,q, f) is
a resolution of f. To overcome this deficiency, T. Watanabe introduced
the notion of approximate resolution. An approximate resolution of a map
f: X — Y consists of approximate polyhedral resolutions p : X — X and
q:Y — P of X and Y, respectively, and an approximate map f: X — ).
In this paper we obtain the approximate homotopy lifting property for ap-
proximate maps and investigate its properties. Moreover, it is shown that
the approximate homotopy lifting property is extended to the approximate
pro-category and the approximate shape category in the sense of Watan-
abe. It is also shown that the approximate pro-category together with
fibrations defined as morphisms having the approximate homotopy lifting
property with respect to arbitrary spaces and weak equivalences defined as
morphisms inducing isomorphisms in the pro-homotopy category satisfies
the composition axiom for a fibration category in the sense of H. J. Baues.
As an application it is shown that shape fibrations can be defined in terms
of our approximate homotopy lifting property for approximate maps and
that every homeomorphism is a shape fibration.
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1. INTRODUCTION

The notion of shape fibration between compact metric spaces was first
introduced by Mardesi¢ and Rushing ([6]), and it was extended to arbitrary
topological spaces by Mardesié¢ ([4]) (see also Q. Haxhibeqiri ([2])). There
have been many contributions to the theory of shape fibrations. For a survey
of the theory of shape fibrations, see [7, 13].

A shape fibration f : X — Y between spaces is a map which admits a
resolution (p, g, f) of f such that the system map f : X — Y between inverse
systems has the approximate homotopy lifting property with respect to any
space. A resolution (p, q, f) of f consists of APol-resolutions p : X — X and
q:Y — Y of X and Y, respectively, and a system map f : X — Y. Here
APol denotes the class of approximate polyhedra. A resolution p = (py) :
X — X of a space X consists of an inverse system X = (X, pax,A) and
maps px : X — X, A € A, such that paypy = pa for A < X, and the
following two conditions hold:

(i) for any map h: X — P into an ANR P and for any open covering V
of P, there exist A € A and a map g : X, — P such that gp) and h
are V-near, and

(ii) for any ANR P and for any open covering V of P, there exists an open
covering V' of P such that whenever A € A and g,¢9' : X, — P are
maps such that gpy and ¢’py are V'-near, then there exists A’ > X such
that gpx and ¢'pax are V-near.

For any class C of spaces, a C-resolution p : X — X means a resolution such
that all coordinate spaces of X are in C.

A system map f = (f, fu) : X — Y between inverse sytems X and
Y = (Y, quu, M) consists of a function f : M — A and maps f, : X)) — Yu
for p € M such that for p < ' there exits A > f(u), f(i') such that

(M) fupsr = Quw fwp -
The triple (p, q, f) is a resolution of f if it satisfies the following condition.

(LM) fups(u) = quf for pe M.

However, the theory of resolutions has some defects. Although any map f :
X — Y admits a resolution (p, q, f) of f for some APol-resolutionsp : X — X
and q: Y — Y of X and Y, respectively, if one chooses resolutions p and q
in advance, then there may not exist a system map f [3, 9, 11, 12] (even if X
and Y are inverse sytems of compact polyhedra). To overcome this defect,
Watanabe [12] introduced the notion of approximate resolution of a space and
also of a map.

An approximate inverse system X = (X, Ux,paxn,A) consists of an in-
verse system (X, pax,A) and an open covering Uy of Xy, called a mesh, for
each A € A. An approximate map f = (f, fu) : ¥ — 2) between approximate
inverse sytems X and 9 = (Y,,, Vy, quu, M) consists of a function f: M — A
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and maps f, : Xy, — Y, which satisfy a weaker condition expressing ap-
proximate commutativity: for pu < p, there exits A > f(u), f(i') such that
JuPg(uwyx and G fup gy are Vy-near. An approximate resolution (p, q, f)
of a map f consists of approximate APol-resolutionsp : X — Xandq:Y — 9
of X and Y, respectively, and of an approximate map f : X — ), which
satisfies a weaker condition, expressing approximate commutativity instead
of condition (LM). The upshot is that for arbitrary approximate resolutions
p: X —Xand q:Y — %), chosen in advance, every map f : X — Y admits
an approximate map f : X — 2) so that (p, g, f) is an approximate resolution
of f.

In this paper we extend the approximate homotopy lifting property to ap-
proximate maps and investigate their properties. Note here that Mardesi¢ and
L. Rubin ([5]) also introduced a more general notion of approximate inverse
system of compact metric spaces, which does not assume the commutativity
DanPax A = Pan, for A < X < N, but assumes only approximate com-
mutativity (see also Mardesi¢ and Watanabe ([8]) for more general spaces).
However, in this paper, we concentrate on the commutative case.

More precisely, in this paper we define the approximate homotopy lifting
property (AHLP) for approximate maps, and extend it to the approximate
pro-category which was introduced by Watanabe ([12]) under the name of
approximative pro-cateogry (Section 3). The version of approximate pro-
category for noncommutative approximate inverse systems can be found in
[8]. The construction of approximate pro-category is similar to that of pro-
category, but the morphisms in the category are based on some nearness prop-
erty of maps. The approximate pro-category consists of approximate inverse
systems as objects and morphisms which are obtained by taking equivalence
classes of approximate maps, where the equivalence relation is defined by some
nearness of maps, while morphisms in the pro-category are equivalence classes
of system maps, where the equivalence relation is defined by the equality of
maps. We also show that the property coincides with the AHLP in the sense
of Mardesi¢ ([3]) if the approximate map satisfies the commutative condition

Next we obtain a simple characterization of the AHLP for approximate
maps using the notion of refinement function in the sense of Watanabe ([12])
(Section 4). Then we consider approximate level maps, which are approximate
maps f = (f,fa) : ¥ — 2 between approximate inverse systems with the
same index set such that the function f is the identity. We simplify the
AHLP for approximate level maps.

We show that the approximate pro-category together with fibrations
defined as morphisms having the AHLP with respect to any space, and
weak equivalences defined as morphisms inducing isomorphisms in the pro-
homotopy category, satisfies the composition axiom for a fibration category
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in the sense of Baues ([1]) (Section 5). In particular, we show that the com-
posite of morphisms with the AHLP in the approximate pro-category has
the AHLP, and that isomorphisms in the approximate pro-category have the
AHLP with respect to any space. Using this result, we extend the AHLP
to the approximate shape category in the sense of Watanabe ([12]). The ap-
proximate shape category is a category consisting of spaces as objects and
of morphisms based on approximate maps, so that the approximate shape
category restricted to topologically complete spaces is equivalent to the cat-
egory of topologically complete spaces and maps. This is a useful category
because, in order to study the properties of a space X, one can express X as
an approximate resolution p : X — X with an approximate inverse system
consisting of polyhedra or ANR’s and investigate the appropriate properties
of the approximate inverse system.

Finally, we show that the notion of shape fibration is characterized in
terms of the AHLP for approximate maps, and as a result we show that every
homeomorphism is a shape fibration (Section 6).

2. APPROXIMATE PRO-CATEGORY AND APPROXIMATE SHAPE

Throughout the paper, a space means a topological space, and a map
means a continuous map, unless otherwise stated. Let Top denote the category
of spaces and maps.

For any space X, let Cov(X) denote the set of all normal open coverings of
X. For any subset A of X and U € Cov(X), let st(A,U) =U{U e U : UNA #
0}. For each U € Cov(X), let stU = {st(U,U) : U € U}. Let st'U = stU
and st"™ U = st(st"U) for each n = 1,2,.... For any U € Cov(X), two
points x,z’ € X are U-near, denoted (z,2') < U, provided z,2' € U for
some U € Y. For any V € Cov(Y), two maps f,g: X — Y between spaces
are V-near, denoted (f,g) < V, provided (f(x),g(z)) < V for each z € X.
For each U € Cov(X) and V € Cov(Y), let fU = {f(U) : U € U} and
7YV = {f7'(V): V € V}. For any set X, let 1x : X — X denote the
identity function on X. For any U,U’ € Cov(X), U is said to refine U,
denoted U < U’, provided each U € U’ admits U’ € U’ such that U C U’.

2.1. Approzimate systems. An approximate inverse system (approzimate sys-
tem, in short) X = (X, Ux, pax, A) consists of
(1.) a directed preordered set A = (A, <) with no maximal element;
(2.) spaces Xy, for A € A;
(3.) Ux € Cov(Xy), for A € A; and
(4.) maps pax : Xn — Xy, for A < X, such that paxprxar = paxrr, for
A< XN <) and pay = 1x, the identity map on X}, for A € A.

It must satisfy the following two conditions.
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(AIl) For each A € A and U € Cov(X,), there exists X' > A such that
Unr < pyanld for X' > X'
(AI2) Uy < pyaly for A < X,
Our definition of approximate system follows that of [12], and our ap-
proximate system is a commutative approximate system in the sense of [5, 8].

2.2. Approzimate resolutions. An approximate map p = (px) : X — X of a
space X into an approximate system X = (Xy,Ux, par,A) consists of maps
px : X — X, for A € A with the following property.

(AS) For each A € A and U € Cov(X)), there exists A > X such that
(p)\,\np,\n,p)\) <U for M > N.
An approxzimate resolution of a space X is an approximate map p = (py) :
X — X which satisfies the following two conditions.

(R1) For each ANR P,V € Cov(P) and map f : X — P, there exist
A€ A and a map g : X\ — P such that (gpy, f) < V; and
(R2) For each ANR P and V € Cov(P), there exists V' € Cov(P) such
that whenever A € A and g, ¢’ : X\ — P are maps with (gpa, ¢'pa) <
V', then (gpan, g'pan) <V for some N > A
If C is a subcategory of spaces, and if all X are objects in C, then an
approximate resolution p : X — X is called an approzimate C-resolution. Here
is a useful characterization of an approximate resolution [12, Theorem 3.4].

THEOREM 2.1. An approzimate map p = (py) : X — X = (X, Ux,prn, A)
is an approzrimate resolution of a space X if and only if it satisfies the follow-
ing two conditions.

(B1) For each U € Cov(X), there exists X € A such that py'V < U, for

some V € Cov(Xy); and

(B2) For each A € A and U € Cov(X)), there exists N > X such that

pan (X)) C st(pa(X),U).

Let Pol denote the full subcategory of Top whose objects are polyhedra.

Here is an existence theorem for approximate Pol-resolutions [12, Theorem
3.15).

THEOREM 2.2. FEwvery space admits an approzimate Pol-resolution with a
cofinite index set.

2.3. Approzimate maps. Let X = (Xx,Ux,paxn, A) and Y = (Y, Vo, qupr, M)
be approximate systems of spaces. An approzimate map f = (f, fu) : X — 9

consists of a function f : M — A and maps f, : Xy — Y, p € M, with
the following condition.

(AM) For any p,u' € M with pu < p/, there exists A € A with A >
f(w), f(u') such that

(un/fu’pf(;u),\',f#pf(,t))\/) <V, for A o>
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An approximate map f = (f, fu) : ¥ — 2 is said to be uniform provided it
satisfies the following condition.

(U) uf(u) < f71VM for p € M.
It is said to be commutative provided it satisfies the following condition.

(C) For any p,u/ € M with u < p/, there exists A € A with A >
£(1), F(u") such tha

qﬂﬂ/f#lpf(lt/)x = fﬂpf(lt))\l for X > \.

A map f: X — Y is a limit of an approximate map f : X — %), denoted
lim f, provided it satisfies the following condition.

(LAM) For each p € M and V € Cov(Y),), there exists x4 > p such that

(quu”f#”pf(u”)’ qﬂf) < V for all ‘LL” > MI.

Here is the existence theorem for limits of approximate maps [8, Theorem
5.8].

THEOREM 2.3. Let f : X — ) be an approximate map between approzi-
mate systems with limits p: X - X and q:Y — Y = (Y, Vy, quu, M). If
allY,,, p € M, are topologically complete spaces, then f admits a limit map
f=limf: X —>Y.

For each map f : X — Y, an approzimate resolution of f is a triple
(p,q, f) consisting of approximate resolutions p = (px) : X — X =
(Xz\au)\apAA/aA) and q = (QM) Y — QJ = (YMaVMaQMM/aM) of X and Ya
respectively, and of an approximate map f = (f, f.) : ¥ — 2 with property
(LAM).

Let APol denote the full subcategory of Top whose objects are approximate
polyhedra (see [4]). Here is the existence theorem for approximate resolutions
of any map [12, §4].

THEOREM 2.4. Let X and Y be spaces. For any approrimate resolution
p: X — X of X and for any approximate APol-resolution q :' Y — ) of Y
with a cofinite index set, every map f : X — Y admits an approzimate map
f:X— 9 such that (p,q, f) is an approxzimate resolution of f.

Note here that in Thereom 2.4 the approximate resolutions p and g can
be chosen in advance.

2.4. Approximate pro-category. Let C be any full subcategory of Top. In this
subsection we recall the approximate pro-category APRO-C, which was first
introduced in [12] under the name of approximative pro-category. For more
details, see [12, §2]. A more general version of the category, whose objects are
noncommutative approximate systems as objects, was introduced in [8].
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For two approximate maps f = (f, f.), f = (f's fL) : X =, we define
a relation ~ by putting f ~ f’ if and only if, for each p € M, there exists
A > f(w), f'(p) such that

(Fupsons Fupsror) < Vi

We then define a relation = by putting f = f’ if and only if there exist finitely
many approximate maps f, : X — 9, ¢« = 1,2,...,n, such that f = f,
fi~fiini=12,...,n—1, f' = £, Then the relation = is an equivalence
relation, and the equivalence class of f is denoted by [f].

For n > 0, an increasing function s : A — A with s > 1, is called an
n-refinement function of X provided st™ U,y < p;sl()\)lzb\, for A € A. For any
cofinite index set A and for each n > 0, there exists an n-refinement function
of X. For any approximate map f = (f, f,.) : ¥ — ) and for any 1-refinement
function of 9), we have an approximate map sf = (fs, qus(u) fs(u) * Xs(u) —
Y,,, which is called the terminal shift of f by s, and property (AM) implies
the relation sf ~ f.

For any full subcategory C of Top, we define the category APRO-C as
follows. The objects of APRO-C are approximate systems in C with cofinite
index sets. The set APRO-C(X,9)) of morphisms X — %) is the set of the
equivalence classes of approximate maps X — %) by the equivalence relation
=. For any F' € APRO-C(X,9) and G € APRO-C(9), 3), there exist repre-
sentatives f and g of F' and G, respectively, which are uniform approximate
maps. Then S(g-f) = (fgsags(u)fgs(u)) X = 3= (ZV7WV7T1/1//7N) is a
well-defined approximate map, where s : N — N is any l-refinement func-
tion. Let the composite GF be the equivalence class [s(gf)]. Let the identity
idx € APRO-C(%, %) be the equivalence class which is represented by the ap-
proximate map (14, 1x,) consisting of the identity function 15 : A — A and
the identity maps 1x, : Xy — X for A € A. The objects thus defined and the
morphisms together with the composition and the identity form a category,
which is denoted by APRO-C and called the category of approximate systems
in C.

For each map f : X — Y, its approximate resolution (p, g, f) is unique
in the following sense [12, §4].

THEOREM 2.5. Let X and Y be spaces. For any approzimate resolution
p: X — X of X and for any approzimate APol-resolution of Y with cofinite
index sets, if f,f + X — 2 are approzimate maps such that (p,q, f) and
(p,q, f') are approximate resolutions of f, then f = f'.

By Theorems 2.4 and 2.5, for arbitrary approximate APol-resolutions p :
X — X and q : Y — %) with cofinite index sets and for any map f: X — Y,
there exists a unique equivalence class [f] of an approximate map f: X — 9
such that (p, q, f) is an approximate resolution of f. This equivalence class
is denoted by [f]p,q-
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A pair (\, ) € A x M is said to be admissible provided p > f(A). For
arbitrary admissible pairs (A, u), (N, ¢') € A x M, we write (A, p) < (N, ') if
A< XNand p<

The following theorem gives a characterization of approximate map in-
ducing an isomorphism in APRO-C [12, 2.6].

THEOREM 2.6. An approximate map f : X — ) induces an isomorphism
in APRO-C if and only if every admissible pair (\,p) € A x M admits an
admissible pair (X', ') > (A, 1) and a map k : Y,y — X such that

(1) (P, kfuppun) < Un,
(2.) V#/ < kilu,\,
(3> (QM#U fupf(u)kk) <st VM‘

Pxx’
Xy <2 X Xpnyss X
SN
Yu ! Yu’

2.5. The approximate shape category. In this subsection we recall the con-
struction of the approximate shape category ASh. For more details, see [12,
87].

The objects of ASh are spaces. The set ASh(X,Y") of morphisms X — Y
in ASh is defined as follows. Let E(X) denote the set of approximate APol-
resolutions p : X — X of X such that X has a cofinite index set. For p €
E(X) and g € E(Y), let E(p,q) = APRO-APol(%X,2), where p : X — X
and ¢ : Y — 2. Let E(X,Y) be the disjoint sum of all sets E(p,q) for
p € E(X) and g € E(Y). Then we define a relation =, on the set E(X,Y)
by [£] = [F) if and only if [][Lx)ps = [1y)aq [F). where £ € E(p.q)
and f' € E(p’,q'). It is readily seen that this is an equivalence relation on
E(X,Y), and the equivalence class of [f] is denoted by ([f]). Let (E(X,Y)) =
{{(f]) : [f] € E(X,Y)}. Then (E(X,Y)) is a set since there is a bijection
®(p,q) : E(p,q) — (E(X,Y)) for any p € E(X) and g € E(Y) and E(p, q) is
aset. The set ASh(X,Y") of morphisms X — Y is defined as the set (E(X,Y)).
For any ([f]) € ASh(X,Y) and ([g]) € ASh(Y, Z), we define the composite
(lal) o (1)) as ((g)[1y]q.q[F), where f € E(p, q) and g € E(q',r"). Let the
identity idx € ASh(X, X) be the morphism ([1x]pp). Then ASh together
with thus defined composites and identities form a category.

There is a well-defined functor AS : Top — ASh which is defined by
AS(X) = X for each object X of Top and AS(f) = ([f]p,q) for each map
f:X — Y and for some fixed p € E(X) and q € E(Y).

For any approximate maps f, f : X — 2) between topologically complete
spaces, f ~ f' implies lim f = lim f’. So for each [f] € E(p, q), lim[f] =
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lim f is well-defined. Let CTop; 5 denote the full subcategory of Top whose
objects are topologically complete spaces, and let ASh(CTop; ;) denote the
restriction of the category ASh to topologically complete spaces. There is a
realization functor R : ASh(CTops ;) — CTops 5 which is defined by R(X) =
X for each object X of CTops 5 and R(F) = lim ®(p,q) ' (F) for each F €
ASh(CTop; 5)(X,Y) and for some fixed p € E(X) and q € E(Y). Then the
following theorem shows that there is an equivalence of categories CTops 5
and ASh(CTops 5).

THEOREM 2.7. R o AS|CTopzs = lcTop,, and AS|CTopgs o R =
Lash(CTop 5)-

3. APPROXIMATE HOMOTOPY LIFTING PROPERTY

In this section we define the approximate homotopy lifting property for
morphisms in the approximate pro-category APRO-C for any full subcategory
C of Top, and later in Section 6 we extend it to morphisms in the approxi-
mate shape category ASh. First, we define the approximate homotopy lifting
property for approximate maps.

An approximate map f = (f, f,) : ¥ — 2 between approximate systems
X = (Xx,Un,pax, A) and Y = (Y, Vi, qu s M) in C has the approzimate ho-
motopy lifting property (AHLP) with respect to a space Z provided it satisfies
the following property.

(AHLP) (v € M) (W € Cov(¥,)) (Guo > 1) (%' > o)

(3o > f(u)) (VX > o) (vtd € Cov(Xy)) (G > ')
(W € Cov(Y)) Bz > ) (V" > piz) (FAe > N, F(")
(V)\H > AQ)(Vh Z x0 — X,\//) (VH Z x I — Y//)
(qmuufuupf N))\//h qlnu”HO) <W= (HH ZxI — X)\/)

(

Quu’ fu’pf(p, /\’H q;m”H) <V, (p/\ arh, HO) <U.

pxlxl(
Pg(uyx h

X = X X
F) v X ”;,fw,,w, " Z %0
f fL - -
w !’ H -

Qup’ A’ iy Dy’ T~

YM Yp/ Z x 1

Let f = (f,fu) : X — 9 be an approxnnate map between approximate
systems X = (Xx,Ux,pan,A) and 9 = (Y, Vyu, quu, M) in C, and suppose
that f has the AHLP with respect to a space Z. For convenience, we in-
troduce the following notation. For any p € M and V € Cov(Y,), let
AHLP(1, V) denote the set of all ug € M such that po > p and po satis-
fies the condition in (AHLP). For any p € M, V € Cov(Y,), and ¢/ > o
where g € AHLP(u,V), let AHLP(u,V, ') denote the set of all Ag € A
such that Ao > f(y') and Ao satisfies the condition in (AHLP). For any
we M,V e Cov(Y,), o > po where pg € AHLP(, V), N > Ao where
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Ao € AHLP (i, V, i'), and U € Cov(Xy ), let AHLP(u, V, 1/, N, U) denote the
set of all triples (u1, W, p2) € M x Cov(Y,,,) x M such that po > pq > p’ and
1, p2, and W satisfy the condition in (AHLP). For any u € M,V € Cov(Y,,),
w > po where pg € AHLP(w, V), X > Ao where Ao € AHLP(u,V, '),
U € Cov(Xy), and p” > po where (u1, W, p2) € AHLP(u, V, 1/, X') for some
w1 € M and W € Cov(Y,,,), let AHLP(u, V, 1/, N',U, 1) denote the set of all
A2 € A such that Ay > X, f(u”) and A\g satisfies the condition in (AHLP).

For commutative approximate maps, our definition of AHLP coincides
with that of Mardesi¢. Recall the approximate homotopy lifting property in
the sense of Mardesi¢ (see [4]). A system map f = (f, fu) : X — Y between
systems X = (Xx,pan,A) and Y = (Y, ¢y, M) has the approzimate homo-
topy lifting property (AHLP) with respect to a space Z provided it satisfies
the following property.

(AHLP), For any admissible pair (A, u) € A x M and for any U €
Cov(X,) and V € Cov(Y),) there exist an admissible pair
(MN,p) > (A p) and V' € Cov(Y,) such that whenever
h:Zx0— Xy and H: Z x1I — Y, are maps with
(fwpfuynh, Hy) < V', there exists a map H:ZxI— X,
such that (paxh, Hy) < U, and (f“pf(u)AI:I,qW/H) < V.

Pxx/
Pf(u)x — v h
Xi =— X0 T Xpu=—~ X === Z %0
ful fﬂ’$\\\\\\g Cc
Y'U‘ QMMI Y'U‘/ H =~ Z )( I

THEOREM 3.1. For any commutative approzimate map f = (f, fu) :
X — 9 between approximate systems X = (Xa,Ux,pax,A) and P =
(Y, Vi, @uur, M) in C, the approzimate map f has property (AHLP) with re-
spect to a space Z if and only if the system map f = (f, fu) : X — Y between
systems X = (Xx,pan,A) and Y = (Y, quur, M) has property (AHLP). with
respect to Z.

PROOF. Suppose that the system map (f, f.) : X — Y has property
(AHLP). with respect to a space Z. Let p € M, and let V € Cov(Y,). Set
o = pand Ag = f(uo). Let (N, 1) > (Mo, o) be any admissible pair, and let
U € Cov(Xy ). Apply property (AHLP), to the admissible pair (X, u’) and
the open covering q;ltl/V € Cov(Y,,), and obtain an admissible pair (A1, u1) >
(N, p) and W € Cov(Y,,) which satisfy condition (AHLP).. Let e = 1,
and let p” > ps. Then by (C) there is Ay > f(u’), A1 such that

(3.1) FuiPruny = Quopr fur g for X' > Ao,
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Let A > Ao, and let h: Z x 0 — Xy» and H : Z x I — Y},» be maps such
that

(3.2) (@ frr D g (uryxr s Gy Ho) < W.

By (3.1) and (3.2),
(fraPf(uynr by Qo Ho) < W

By (AHLP)., there exists a map H : Z x I — X/ such that

(pyavh, Ho) < U,

(fu’pf(u’)>\’f{7 G 1) < q;;,V.

The latter implies
(Quprr fu’pf(u’)/\/f{7 Quur H) < V.

This shows that the approximate map f has property (AHLP).

Pxrxy Py A
X Pf(u )N X /)—(\X K"}“X h
) == X o Xstny e Ko 1) s Xovr === Z % 0
T - H fur
f‘“l f’“] “\‘iﬂ lg
T 9’ iy Gy - —
l/u Y;t’ 1/“1 Yu” H Z x 1

Conversely, suppose that the approximate map f has property (AHLP)
with respect to a space Z. Let (A, ) € A x M be an admissible pair, and let
V € Cov(Y,) and U € Cov(Xy). Choose pg € AHLP (1, V), and let p' > po.
Choose A\g € AHLP(u, V, it/). Then by (C) there exists A’ > Ag such that
(33) fupf(p,))\’ = Quu’ f;t’pf(p/))\’ .

Choose a triple (ui, W, u2) € AHLP(u, V, 1/, X,p/(i, ), and let p” > po.
Choose Ay € AHLP(p, V, 1/, N, py U, 11”"), and let X/ > Xa. Then the admis-
sible pair (A", u”") and the open covering ql:llu,,W € Cov(Y,,) satisfy condition
(AHLP),.. Indeed, suppose that h: Z x 0 — X)» and H : Z x I — Y,,» are
maps such that

(fp//pf(;t”)k”ha HO) < qullu”w'
Then by property (AHLP), there exists a map H : Z x I — X/ such that
(3.4) (parh, Ho) < pyaild,
(35) (quﬂlflt/pf(/-l«’))\/H’qltlt//H) < V.
(3.3), (3.4), and (3.5) imply
(pax+h, pax Ho) < U,
(f/-tpf(;t))\H7 QM,LL”H) < V?

as required.
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P P

PF(u)A — T — T h
Xp(u) =——Xx Xpummg Xv T Xpry =2 Xor === Z % 0

Fu N F(u!" N
ful

. 2 _ C

f;’l f/“I - _i -
A’ py uy p’ H =

Y, Yy

}/,u.l Y,u” = Z x 1
O

Next, we extend the definition of the AHLP to morphisms in APRO-C.

THEOREM 3.2. Let f = (f, fu), 9 = (9,9.) : X — ) be approzimate
maps. If f ~ g and f has the AHLP with respect to a space Z, then so does
g.

PROOF. Let p € M and V € Cov(Y),). Take V' € Cov(Y),) such that

(3.6) stV < V.
Choose po € AHLP(u, V') such that
(3.7) V' < gV for p' > po.

Let p/ > po. By f ~ g, we can choose Ay € AHLP(u, V', 1’) such that
N> f(u), F) and
(38) (f,tfpf(ﬂ/)/\/,g,upg(ﬂ/),\/) < VH' for \ > Al

Let X > Ay and U € Cov(X ). Choose a triple (u1, W, p2) € AHLP(u, V', i/,
N,U) such that

(3.9) Vyr < q;llﬂ,,W' for p” > s,
where W’ € Cov(Y),,) satisfies
(3.10) stW' < W.

Let p” > po. By f ~ g, we can choose Ao € AHLP(u, V', 1/, N, U, ") such
that Ao > N, f(u”), g(p") and

(311) (fu”pf(u”)A”agu”pg(u”)/\”) < VH” for )\” > )\2.

Let p > Xg, and let h: Z x 0 — Xyv and H : Z x I — Y,» be maps such
that

(3.12) (qltlu”glt”pg(u”))\”h’ qltlu”HO) <W'.
Then by (3.9), (3.10), (3.11), (3.12),
(qul;t”fu”pf(p//)/\”hv qu1u”HO) <W.
By property (AHLP) for f, there exists a map H : Z x I — X, such that
(3.13) (parh, Ho) <U,
(3.14) (@ fre gy H y Qe H) < V'
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So, by (3.6), (3.7), (3.8), (3.14),

(3.15) (quu’gu’pg(u’)A’Haqmt”H) < V.
By (3.13) and (3.15), we conclude that g has the AHLP.
Dararr
Pru'yn Dy ()l
-_— T - = F
Xf(,ﬂ) Xg(u’)pﬁ Xy < _ \Xf(lt”) Xg(u”),‘ﬁ X <" 7%o0
g(u )X — ~ g(n!!)N
Gyt — - -
f,ul ’ f,ml %Ji - Lg
Ty’ Au’ g Dy p”” H T —-a —
YL, }/u’ Y;n Yvy” Z x 1

A morphism F : X — ) in APRO-C is said to have the approzimate lifting
property (AHLP) with respect to a space Z provided some representative f
of F' has the AHLP with respect to Z. By Theorem 3.2 this is equivalent to
saying that every representative f of F' has the AHLP with respect to Z.

4. PROPERTIES (AHLP)* anD (AHLP),,

For any approximate map f = (f, fu) : ¥ — 2 and for any space Z,
consider the following property.
(AHLP)* For any admissible pair (A, ) € A x M, there exists an
admissible pair (A, u') > (A, ) such that whenever h :
Zx0— Xy and H : Zx1I — Y, are maps such that
(Ho, fuppuynh) <V, there exists a map H:ZxI— X,
such that (Ho,p)\,\/h) < Z/[)\ and (qM#’H’ fﬂpf(li)kH) < VM'

Paxr
h
Xf(u)m XH\ 2 - i(f(w)pfw)%’ Xyv=<=—2x%x0
ful fu/I T~ - _ _ H g
Yu = Yo B =zxI

We have the following characterization of property (AHLP).

THEOREM 4.1. Let f = (f, fu) : X — 2 be an approximate map, and let
s be a 1-refinement function. Then the following implications hold.
(1.) (AHLP) for f = (AHLP)* for sf, and
(2.) (AHLP)* for sf = (AHLP) for f.

PRroOOF. First, to show the first assertion, assume that f has property
(AHLP). Let (A,p) € A x M be an admissible pair for sf. Choose o €
AHLP(s(u), Vs(u)) for f. Let p' > pg. Choose Ao € AHLP(s(1t), Vy(puy, ') for
f. By (AM) there exists A’ > X\, Ao such that

(4.1) (FsPrs(on s sy FuwPrunn) < Vs(u-
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Choose a triple (1, W, p2) € AHLP(s(p), Vs(py, 1/, X') for f such that

(4.2) stV < q;llw/W for p” > .

Let p” > pa. Choose Ao € AHLP(s(u), Vg, ', Ny p") for f. Let A >
Az, fs(u”) such that

(43) (f;t”pf(u”)/\”aqu”s(p/’)fs(u”)pfs(p,”)/\”) < VMH.

The admissible pair (\”, ') thus defined satisfies condition (AHLP)* for sf.
Indeed, suppose that h: Z x 0 — Xy» and H : Z x I — Y,» are maps such
that

(44) (Ho, qﬂ”s(ﬂ”)fs(u”)pfS(lt”)A”h) < V,u/“

By (42), (43), (44),

(qu;t”Hm unt”f;t”pf(p,”)/\”h) < W.

This together with property (AHLP) implies that there exists a map H' :
Z x I — X such that

(4.5) (parxrh, Hy) < U,

(4.6) (@sow fuwp sy H' s Qs H) < V(-
By (4.5) and (AI2),

(4.7) (paxrh,pax H') < Uy.

By (4.1) and (4.6),

(4.8) (fstPrsgonH' s @suyur H) < st V(-
(4.8) and the fact that s is a 1-refinement function imply
(4.9) (@us(n) FsuPrsux H's uur H) < V.

(4.7

By (4.7) and (4.9), the map H =p\wH' : ZxI— X, is the desired map in
(AHLP ) for sf.

Parar
j28% Py )"
Pfs(u)A — T — T h
Xpswy =—Xx Xrwpsm v < < _Xrwn Koty s Ko === Z x 0
Fsw) Fur Furr \f‘ T4~ , <
q q, Gyt G /7(“”) T - A
s(p)n! 'y np s (u!") - -
Ye(y,) Y/L’ 3/;11 Yv;/,” YS(;A,”) Zx 1T
H
lqusw)
Y[I.

To show the second assertion, assume (AHLP)* for sf. Let p € M and
V € Cov(Y,). Choose po > p such that

(4.10) V< g,V for p' > po.
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Let p/ > po, let A > Ao = fs(y') and U € Cov(Xy). Choose A\j > N such
that

(4.11) Uz, < Dy U

Apply property (AHLP)* for sf to the admissible pair (A\j, #'), and obtain
an admissible pair (A}, uj) > (A, ¢') that satisfies the condition in (AHLP)*.
Let p” > po = p1 = s(p)). Choose Ay > A, f(i”"), Ay such that

(412)  (fauPratuynes Gty FurPrunnn) < V) for A > Aa.

Let A > Ag. To verify property (AHLP) for f, suppose that A : Zx0 — X~
and H : Z x I — Y,» are maps such that

(413) (qM’lu”HOa qM/lu”fu”pf(u”)/\”h) < VI»LI .

By (4.12), (4.13), and the fact that s is a 1-refinement function,

(4.14) (@0 Hos Qi s(uy) Fsu)Prsuiprrh) < Vs -

By (4.14) and (AHLP)* for sf, there exists a map H' : Z x I — X, such
that

(4.15) (P hy HY) < Uy,

(4.16) (@ sy Fstun Prsung H' @ H) < V.

By (4.11) and (4.15),

(4.17) (paarh,paag H') <U.

By (4.10) and (4.16),

(4.18) (@pus(uy FsuPrsuyng 1 Quur H) < V.

By (4.17) and (4.18), the map H = paxH' © Z x I — X has the desired

property (AHLP) for f.

N/
Pxapa

Pl At
1
Pra(u/)r’ Pxray Prs(ui)ng — T h
Xpsuy <=—— Xy =—— X)\(r) -<_ \)ffs(//l) <;X/\/1 Xf(“”)dfm X =——27x0
- "

Futur - ;
\: fe(u’n\l \\\\ii jg
- w

' s(u') Al s(py) Ds (! AL
Yoe— Yooy Yot Y ZxT

9t
Lq“u’ #H

Y,

An approximate map f = (f, fu.) : X — Q) is called an approzimate level
map provided A = M, f =15 : A — A, and it satisfies the following condition.

(AML) (frxpar, @ fa) < Vi for X < X.
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p
X -AX)\/

| |

Y)\ '& Y)\/
In this case we write (fx) for (f, f.). The notion of approximate level map
was first introduced in [12] under the name of special approximative map.
Every approximate map is represented by an approximate level map in
the following sense [12, Theorem 2.15].

THEOREM 4.2. Let X = (Xx,Ux,paxn, A) andY = (Y, Vu, qup , M) be ap-
prozimate systems of spaces in C, and let f = (f, fu) : X — 2 be an approxi-
mate map. Then there exist an approzimate level map f' = (f.) : X' — ' be-
tween approximate systems X' = (X, U.,,p,,,,N) and )’ = (Y., V),d.,,,N)
over the same index set N, and approzimate maps s : X — X' andt : Q) — '
with the following properties.

(1.) The following diagram commutes in APRO-C.

f
364>H 2

(s] l l (]
[£]

¥

(2.) [s] and [t] are isomorphisms in APRO-C.

(3.) X, U, v, Y, V., d, are some Xx, U, Dxx: Yy, Vi, Quu, Te-
spectively.

(4.) fl is the composite of some pyx and f,.

Finally, in this section we discuss the AHLP for approximate level maps.
In particular, we obtain a simpler condition that is equivalent to (AHLP).

For any approximate level map f = (f)) : ¥ — 9) and for any space Z ,
consider the following condition.

(AHLP)L, (VA € A) (YV € Cov(Yy)) (3ho > A) (VN > X)) (VU €
COV(X)\/)) (3)\1 > )\/) (HW S COV(Y)\l)) (3)\2 > )\1)
(V)\H > )\2) (Vh : Zx0 — X,\//) (VH : Zx 1 — Y,\//)
(qu)\//f,\/Lh,q,\l,\//H) < V\f — (HH I x I — X,\/)
(paarh, Ho) <U, (gan fa H g H) <V

Parar

Xy X <~ Z %0

~ -
T~ i fA”
I T -
q T

Axn/ Mg Axy N

Y)\ Y,\/ Y,\1 Y)\N I -~ Z x 1
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For any A € A and V € Cov(Y)), let AHLP (A, V) denote the set of all
Ao € A such that Ao > X and Ag satisfies the condition in (AHLP)y. For any
A€ A, Ve Cov(Ya), N > Ao where \g € AHLP(\, V), and U € Cov(Xy), let
AHLP(A\, V, X U) denote the set of all triples (A1, W, A2) € A x Cov(Y),) x A
such that Ay > A; > X and A\, W, A\, satisfy condition (AHLP)p,.

THEOREM 4.3. An approzimate level map f = (fx) : X — ) has property
(AHLP) with respect to a space Z if and only if it has property (AHLP)r, with
respect to Z.

PROOF. Suppose that an approximate level map f = (fy) : X — 9
has property (AHLP) with respect to a space Z. Let u € A and V €
Cov(Y,). Choose py € AHLP(A, V), and let p' > po, and U € Cov(X ).
Choose \g € AHLP(p, V, 1), and let X' > XAg. Then choose (u1, W, u2) €
AHLP (1, V, 1/, X', p, /5 U) such that

(4.19) Vr < @ LW for p" > s,
where W’ € Cov(Y),,) is such that
(4.20) stW' < W.

Let p”" > po. Choose A2 € AHLP(M,V,u',)\',p;,&,u,u”), and let \” > Ay. To
verify condition (AHLP),,, suppose that h : Zx0 — Xy» and H : ZxI — Yy
are maps such that

(421) (‘Im)\”f/\”ha‘ImA”H) < WI,
By (AML),
(422) (fu”p;t”k'ﬂ quu)\//f //) < VH”'

By (4.19), (4.20), (4.21), (4.22),

(QM1M”fu”pu”/\”ha QM1)\”H) <W.

This together with (AHLP) implies that there exists a map H' : Z x I — X/
such that
(pxarh, Hy) < priiU,
(qML’fu’pu/XHla qM)\”H) < V.

Thus the map H = pwxH' + Z x I — X,/ is the desired map, and hence f
satisfies the condition in (AHLP);.

p”/)\/ p)\lull pull)\ll

XM/ XA/ _ XH” X)\N h Z X 0

B D Fur I
f”’ \L f)\/ \L h \E u\ o L)\ ! \Lg
Ay Gy’ -

q”/A/ qull)\//

Dyt u =
Y# - Y#’ Y)\/ Ym YM” Y,\// I 7 x 1
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Conversely, suppose that f has property (AHLP), with respect to a space
Z. Let pe Aand V € Cov(Y,). Let V' € Cov(Y),) be such that

(4.23) stV < V.
Choose po € AHLP (1, V') such that
(4.24) V < q;ltl/V’ for ¢’ > po.

Let p/ > po, and let X > Ao = ¢/ and U € Cov(Xy ). Choose a triple
(1, W, 12) € AHLPL (1, V, X). Let p” > pg, and let A’ > Ay = p”’. Suppose
that h: Z x0— Xy» and H : Z x I — Y,» are maps such that

(QMlx\”f/\”hv Q,Uq/\"H) < WL
Then by (AHLP)y, there exists a map H : Z x I — Xy such that

(4.25) (parh, Ho) <U,

(4.26) (qua v H, guan H) < V.

By (AML),

(427) (fu’p;t/)\’ ) qM/Xf)\’) < Vlt/'

By (4.23), (4.24), (4.26), and (4.27),

(4.28) (G fu’pu’k’ﬁa qua H) < V.

(4.25) and (4.28) show that f has property (AHLP) as required. O

5. COMPOSITION AXIOM

In this section we discuss the composition axiom for a fibration category
in the sense of Baues [1].

THEOREM 5.1. Let X = (X»,Uxn,pav,A), D = YV, Vs quus M), 3 =
(Zy, Wy, 1m0, N) be approzimate systems in C. Let f = (f, fu) : X — 2 be
an approzimate map, and let g = (g,9,) : Y — 3 be a uniform approximate
map. If f and g have the AHLP with respect to a space Z, then so does the
composite s(gf) : X — 2.

PRrROOF. Let v € N and W € Cov(Z,). Take W' € Cov(Z,) such that
(5.1) stW < W.

Since g has property (AHLP), then sg has property (AHLP). Choose vy €
AHLP (v, W’) for sg such that

(5.2) Wy <1 W for v/ > g,

and let v/ > vy. Choose poy € M such that po € AHLP(gs(l/),g;(lll,)r;sl(y,)W’)
for f and pg € AHLP(yv,W' /) for sg, and let u' > pg. Choose Ay €
AHLP(gs(V’),g;(lll,)rljsl(y,)W',u') for f such that A\g > f(¢'), fgs(v') and

(53) (fgs(u’)pfgs(ll/)k/a Qgs(u’);t/fu/pf(u/))\’) < ng(l,/) for )\/ > )\0,
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and let \ > Ao, and Ue COV(X)\/) Then we can choose a triple (u1,V, u2) €
AHLP(gs(v'), gé(u,) VS(V,)W' w', N U) for f such that

(5.4) Vo < @V for p" > g,

where V' € Cov(Y,,,) satisfies

(5.5) stV < V.

Let u” > po. Choose A2 € AHLP(gs(v'), gs(y,)rysl(y )W’,u’,)\’,u,u”) for f,

and choose a triple (v1, Wi,12) € AHLP(v, W' v/ i/ ,q;llw,V’) for sg such
that

(5.6) Wy < 7’;111,”)/\}{ for v"" > vy,
where Wi € Cov(Y,,) satisfies
(57) st W{ < Wi.

Let v > vy. Choose puz € AHLP(v, W', v/ " qmu”V V") for sg, and let
w> pg. Let X > fgs(v”), f(1”), f(i), A2 such that

(5.8) (Fur Pz Qe fulsyar) < Vur,

(5.9) (fasw)Prgswne: dgsw ) ufuP(wn) < Vgswr)-

To verify property (AHLP) for s(gf), suppose that h : Z x 0 — X~ and
H:Z x I — Y, are maps such that

(510) (Tuls(u”)gs(u”)fgs(u”)pfgs(u”))\”ha Tov! Ho) < W{

By (5.3), (5.6), (5.7), and the assumption that g is uniform,

(511) (Tl/lu”gs(u”)QQS(D”);qupf(u))\”aruls(u”)HO) < Whi.

By (5.11) and (AHLP) for sg, there exists a map H : Z x I — Y, such that
(5.12) (@ wfuPs(uyarhs Ho) < g0V,

(513) (rus(u’)gs(u’)Qgs(y/);t”Ha Tuu”H) <W.

By (5.4), (5.5), (5.8), and (5.12),

(5-14) (Q;tlu”fu”pf(p,”))\”ha Q;uu”f{o) <V.

By (AHLP) for f and (5.14), there exists a map K : Z x I — X such that
(5.15) (p)\/)\wh Ko) <U,

(5:16)  (@ysw e FirPs(ux K dgsturyur H) < 9500550/ W'

By (5.2), (5.3), and the assumption that g is uniform,

(5.17)  (Puswn)9sv) Fasw)PraswN s Twsw)Isw)dgs(uyp fuPpuna) < W'
By (5.1), (5.13), (5.16) and (5.17),

(5.18) (Tus()Isw') Fgs)Prgsyn K T H) < WW.
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By (5.15) and (5.18), we conclude that s(gf) has the AHLP.

Dararr
Prgs(v')n’
_— T
X s Xy = Xn Xy KXgsw) Xy =—7 X
Pru’) RS Pf(w)
<
fosty fwl fl”\l fgs(u”)l ful
~
dgs(v’yp! 9! pq Dy S dgs(v')p
Yoswr) Yo Y Yy S Yoy =—=Y, h
-~ - qpy
Isv') Is@y~| > \K\
Ts(w!yvy Tugu! Tl s(u!) g o 2
Zs(u) Zy, Lyt ZS(V//) H IxI<—27x%x0
v
H
Tuls(u')
_
ZV/ ’I'uul Z,/
0

THEOREM 5.2. Let X = (Xx,Ux,par,A) and Y = (Y, Vi, quur, M) be
approzimate systems in C, and let f = (f, fu) : X — 2 be an approzimate
map. If f represents an isomorphism in APRO-C, then f has the AHLP with
respect to any space.

PRrROOF. Let p € M and V € Cov(Y),). Take V' € Cov(Y),) such that
(5.19) stV < V.
Choose pp > i such that
(5.20) Vi < q;ltl,V' for ' > po.

Let 4/ > po, let N > Ao = f(i'), and let U € Cov(X ). Take A > N such
that

(5.21) stUy, < Py U-

By Theorem 2.6, there exist 11 > p', A1 > f(p1), Ao, and amap k : Yy, — Xy,
such that

(5.22) (B fuaDfun)dns Pagag ) < Ungs
(523) V;tl < k_luk(ﬂ
(524) (fu’pf(p/)k()k’ quzm) < st VM"

Set po = p1, and let p” > po. By (AM) there is Ay > A1, f(u”) such that

(525) (fulpf(ﬂl)A”’qltllt//fu”pf(u”)A”) < Vul for )\H > )\2.

Let A" > Xa. Suppose that h: Z x 0 — Xy» and H : Z x I — Y),» are maps
such that

(526) (QMl,lt”fM”pf(lt”))\”h7 q'u‘LU‘NH) < Vﬂl .
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Let H = pyx kquwH 1 Z x I — Xy. By (5.21), (5.22), (5.23), (5.25), and
(5.26), we have

(527) (p)\/)\//h,g) <Z/[
By (5.19), (5.20), and (5.24), we have
(528) (Q;m’fu’pf(u’)/\/gv qNH”H) < V.

By (5.27) and (5.28) we see that H has the required property, showing that
f has the AHLP with respect to Z.

Ppar
Py(u)N Parxg h
Xf(ﬂ')<—X/\’<—X)‘6 Xf(#l};<— X)q Xf(uu))<—X/\,, ~——7x%x0
~ F(r1)Aq ’ F! N
N
.| . [ | :
A’ py g’ H

Y Y., Y Z x I
quu’l
}/;J,

O

For any approximate map f = (f, fu) : ¥ — 2 between approximate
systems X = (X»,Uxn,prn,A) and 9 = (Y, Vi, quw, M), where 9 has the
following property

(H) any two V,,-near maps into Y, are homotopic,

there is an induced system map H(f) : H(X) — H(2) between the systems
H(X) = (Xx,H(par ), A) and H(Y) = (Y, H(guw ), M) in the pro-homotopy
category pro- H(C). Here, for any map f : X — Y, H(f) denotes the homotopy
class of f.
Note that for any approximate maps f = (f, fu),9 = (9,9.) : X = 9,
f ~ g implies that for each p € M there exists A > f(u),g(u) such that
H(fu) H(pseuya) = H(gu) H(pg(uya). Thus, for each approximate map f : X —
), there is a well-defined morphism H([f]) : H(X) — H(Q)) in pro- H(C).
A fibration category in the sense of Baues is a category with two classes
of morphisms singled out, the class fib of morphisms called fibrations and
the class we of morphisms called weak equivalences, subject to four axioms
(F1)—(F4). The first one, called the composition aziom, asserts that
(F1) Isomorphisms are fibrations and weak equivalences. If two of the
morphisms f: X - Y, g:Y — Z, and gf : X — Z are weak equiva-
lences, then so is the third. Moreover, the composition of fibrations is
a fibration.

For more details, the reader is referred to [1].

Theorems 5.1 and 5.2 immediately imply the following corollary.

COROLLARY 5.3. The full subcategory of APRO-C, whose objects are ap-
prozimate systems with property (H), fibrations are morphisms having the
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AHLP with respect to arbitrary space, and weak equivalences are morphisms
which induce isomorphisms in pro- H(C), satisfy the composition aziom (F1).

COROLLARY 5.4. For any [f] € E(p,q) and [f'] € E(p',q’) where p,p’ €
E(X) and q,q' € E(Y), if [f] =a [f'] and if [f] has the AHLP with respect
to a space Z, so does [f'].

PrOOF. If [f] =, [f'], then [f'] = [1y]q,q'[f][1x]p',p- Theorem 2.5 im-
plies that [1x]p p and [lylgq are isomorphisms in APRO-APol, and hence
by Theorem 5.2 they have the AHLP with respect to any space. This fact
together with Theorem 5.1 and the assumption that [f] has the AHLP with
respect to a space Z implies that [f] has the AHLP with respect to Z. O

Thus the AHLP is well-defined for morphisms in ASh. A morphism F €
ASh(X,Y) is said to have the approzimate homotopy lifting property (AHLP)
with respect to a space Z provided there is a representative [f] € E(p, q) of
F which has the AHLP with respect to Z. This is equivalent to saying that
any representative of F' has the AHLP with respect to Z.

Let Sh denote the shape category [7]. There is a functor ASS : ASh — Sh
which is defined as follows. For each object X in ASh, let ASS(X) = X. If
F : X — Y is a morphism in ASh, by Theorem 2.4 and Lemma 5.5 below,
F is represented by an approximate map f : X — ) between approximate
systems ¥ and 9 with property (H) for some approximate Pol-resolutions.
Then f : X — 2 induces a system map H(f) : H(X) — H(Q)). Let ASS(F)
be the morphism in Sh which is represented by H(f).

LEMMA 5.5. ([12, 5.2]) Every space X admits an approzimate Pol-
resolution p : X — X with property (H).

COROLLARY 5.6. The category ASh together with fibrations defined as
morphisms having the AHLP with respect to arbitrary space and weak equiv-
alences defined as morphisms, which induce isomorphisms in Sh, satisfies the
composition axiom (F1).

PRrROOF. Let ([f]) € ASh(X,Y) and ([g]) € ASh(Y,Z) have the AHLP
with respect to a space Z. Let f : X — 2) and g : 9’ — 3 be approximate
maps for some approximate resolutions p: X — X, q:Y —-92,q:Y — 9,
and 7 : Z — 3. Then there is an approximate map j : ) — 2)’ which induces
an isomorphism in APRO-APol and hence has the AHLP with respect to
any space by Theorem 5.2. So, the composite ([f]) o ([g]) = (lg] © [7] o [f])
is represented by the composite of the morphisms in APRO-APol with the
AHLP, and hence it has the AHLP with respect to any space by Theorem 5.1.

If ([f]) € ASh(X,Y) is an isomorphism, then [f] is an isomorphism in
APRO- APol and hence has the AHLP with respect to any space by Theorem
5.2. So, ([f]) has the AHLP with respect to any space.
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Finally, that for any morphisms F' € ASh(X,Y") and G € ASh(Y, Z), any
two of F', G, and G o F' are isomorphisms, so is the third follows from the fact
that there is a functor ASS : ASh — Sh. O

6. SHAPE FIBRATIONS

Recall that a map f : X — Y between spaces is a shape fibration provided
there is a resolution (p, q, f) of f such that the system map f : X — Y has
the AHLP with respect to arbitrary space, where p: X — X andq:Y — Y
are APol-resolutions of X and Y, respectively [4].

In this section, as a consequence of the composition axiom discussed in
the previous section, we characterize the shape fibration in terms of the AHLP
between approximate systems and discuss its consequences.

THEOREM 6.1. A map f: X — Y between spaces is a shape fibration if
and only if there is an approximate resolution (p,q, f) of f, wherep: X — X
and q :' Y — ) are approximate APol-resolutions such that the approzrimate
system map f : X — 2 has the AHLP with respect to any spaces.

Before proving the theorem, we prove the following three facts.

LEMMA 6.2. Let f : X — Y be a map between spaces. Suppose that
(p,q, f) and (p',q', f') are two approximate resolutions of f. If f has the
AHLP with respect to a space Z, so does f'.

PROOF. Let (p,q, f) and (p',q’, f') be two approximate resolutions of
fowherep: X - X, p: X =X, q:Y —92,q :Y — 9 are approximate
APol-resolutions, and f : ¥ — 9 and f' : ¥ — 9’ are approximate maps.
Theorem 2.4 implies that there exist approximate maps i : X — X’ and
7 Y — 2 such that (p,p’,4) and (q,q’,j) are approximate resolutions
of the identity maps 1x : X — X and 1y : Y — Y, respectively. Since
(p,q’,s(f'4)) and (p,q’,s(jf)) are approximate resolutions of f, Theorem
2.5 implies that s(f'i) = s(jf), and hence [§] o [f] = [f'] o [¢). Then [i] and
[7] are isomorphisms in APRO-APol, and hence, by Theorems 5.1 and 5.2,
the composite [f'] = [j] o [f] o [i]~' and hence f’ has the AHLP with respect
to any space as required. O

LEMMA 6.3.  (1.) Every resolution p = (p,) : X — X = (Xx,pax, A)
in Top admits an approximate resolution p = (p,) : X — X =
(X 0y Ueo, Do, N) and an increasing function ox : A — A with the
following properties:

(a) A is cofinite, directed, and antisymmetric.

(b) Xo = Xox(a) and Dy = Pox(a) for a € A, and p,, =
Pox(a)ox (a’) fO?” a<a.

(¢) Uy < Tt Uy for a < o
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(d) for any A\ € A and for any U € Cov(X)) there exists a € A such
that ox (o) = X and U, =U.
(e) the system map (0x,155(a)) + X — X = (Xo, Doy, N) repre-
sents an isomorphism in pro-C.
(2.) Every system map f = (f,fu) : X =Y = (Y, quuw, M) with f
being an increasing function admits a commutative approximate map

T = (7_;7[3) X =99 = (?ﬁavﬁaqﬁﬁ’aﬂ) such thai
(a) f is_an increasing function such that ox f(B) > foy(B) for
pet, o
(b) fz= fai(fipfgy(ﬁ),UX?@ : X}(g) —Yp,
(c) Upy < [z Vg for Be M, B
the following diagram commutes for 3 € M.
d) the foll d for e M

Pfoy(8),0xT(B) foy (B)
Xor i) ——— Xy (5) ——= Yoy (5)

_ Fa i
X5 Y

(3.) If the system map f has the AHLP with respect to a space Z, so does
the approzimate map f.

Proor. This is proven in [12, Proposition 3.7] and [10]. Note here that
(3) easily follows from the definition of f. O

LEMMA 6.4. FEvery map f : X — Y admits an approximate resolution
(p,q, f) of f such that f : X — ) is a commutative approximate map between
approzimate systems, where p: X — X and q :' Y — ) are approzimate APol-
resolutions of X and Y, respectively.

PROOF. There exists a resolution (p, q, f) of f where p : X — X and
q : Y — Y are APol-resolutions of X and Y, respectively, and f : X — Y
is a system map whose limit is f [4, Theorem 13]. By Lemma 6.3, the APol-
resolutions p: X — X and q : Y — Y admit approximate APol-resolutions
p: X — Xand q:Y — 9, respectively, with the properties in Lemma 6.3
(1). The system map f : X — Y admits a commutative approximate map
f : X — 9 with the properties in Lemma 6.3 (2). Thus such obtained triple

(P, 4, f) is an approximate resolution of f as required. O

PRrROOF OF THEOREM 6.1. Suppose that there is an approximate resolu-
tion (p, g, f) of f such that the approximate system map (not necessarily com-
mutative) f: X — ) has the AHLP with respect to any spaces. By Lemma
6.4, there is an approximate resolution (p’,q’, f') of f such that f': X — 9
is a commutative approximate map. By Corollary 5.4, that f has the AHLP
implies that f has the AHLP. This fact together with Theorem 3.1 implies
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that the system map f’ which is obtained by forgetting the meshes of the
approximate systems X and ) has the AHLP. This means that f is a shape
fibration.

Conversely, suppose that a map f : X — Y is a shape fibration. Then
this together with Lemma 6.3 implies that there is an approximate resolution
(p,q, f) of f such that f: X — 9 is a commutative approximate map and
has the AHLP as required. O

COROLLARY 6.5. A map f : X — Y between spaces is a shape fibration
if and only if AS(f) has the AHLP with respect to any space.

ProoOF. This immediately follows from Theorem 6.1 and Corollary 5.4.
O

As an application of the composition axiom for approximate maps, we
have

THEOREM 6.6. Fvery homeomorphism f : X — Y between topologically
complete spaces is a shape fibration.

ProOOF. Theorem 2.7 implies that there exists an approximate resolution
(p, g, f) of f such that ([f]) is an isomorphism in ASh. Then the approximate
map f induces an isomorphism in APRO-APol, and hence, by Theorem 5.2,
f has the AHLP with respect to any spaces. By Theorem 6.1 we conclude
that f is a shape fibration. O
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